Abstract
Introduction

What is the edge tone?
The edge tone is one of the simplest aero-acoustic flow configurations. It consists of a planar free jet that impinges on a wedge-shaped object (traditionally called the edge). The main parameters of an edge tone configuration are the mean exit velocity of the jet (u), the width of the jet (δ) and the nozzle-towedge distance (h) ( Figure 1 ). Secondary parameters may also influence the flow, such as the velocity profile of the jet (top hat and parabolic profiles are the most common ones), the offset of the wedge from the jet center line, the shape of the nozzle or the angle of the wedge. Despite its geometric simplicity, the edge tone displays a remarkably complex behaviour. Under certain circumstances a self-sustained oscillation evolves with a stable oscillation frequency. The oscillating jet creates an oscillating force on the wedge, that generates a dipole sound source, and under certain circumstances creates an audible tone.
The oscillating jet can take different shapes, these are called the stages of the edge tone. Their ordinal number corresponds roughly to the number of half waves between the nozzle and the wedge. Figure 2(a) shows what happens with the oscillation frequency when the velocity is varied in a fixed geometrical configuration (at constant δ and h values). At low velocities the wedge cuts the jet in half and a steady flow is formed. Increasing the velocity above a certain threshold velocity -whose value depends on the geometrical configuration -the first stage of the edge tone sets in (position A). With increasing jet velocity the second stage comes into being with a sudden jump in the frequency to a higher value (position B). Usually the first stage still coexists with the new, second stage, thus a multi-stage operation mode can be observed although the second stage can be present purely as well. At higher velocities the third stage of the edge tone is formed (position C) -again with a sudden jump in the frequency to a higher value -either with some of the lower stages coexisting, or purely. As the jet velocity is increased, even higher stages may evolve, with a jump in the frequency to a higher value at the onset of each new stage. Similar behaviour can be observed when the velocity of the jet is decreased. The frequency of the oscillation decreases, and at a point the highest stage disappears (at positions C' and B' the third and the second stage disappears, respectively) with a sudden drop in the frequency and at last at small jet speeds the first stage of the edge tone disappears and a steady flow is formed (position A'). It can be that the velocity value at the point where a stage disappears during the decrease of the jet velocity (position C', B' or A') differs from the velocity value at the point where this stage first appeared when the velocity was increased (position C, B or A), so hysteresis may occur.
On the other hand, when the nozzle-to-wedge distance is varied while the velocity of the jet is kept constant ( Figure  2(b) ), the following can be observed. At low distances no oscillation occurs. Increasing the distance, at a certain lower limiting value the first stage of the edge tone forms (position A). With further increases in the distance, the frequency of the oscillation decreases. At a point the second stage sets in with a sudden jump in the frequency to a higher value (position B). As the distance is further increased, the frequency again decreases until the next stage forms with the sudden jump in the frequency again to a higher value (position C). Now, if the nozzleto-wedge-distance is decreased from a higher value, then the frequency of oscillation increases until a certain position where the jet jumps back to a lower stage where the frequency is also lower (position C' and B') and at last the oscillation disappears completely (position A'). Just as in the case when the velocity is varied, hysteresis may occur; it can happen that the jump between the stages back and forth are at different positions
The following dimensionless numbers will be used throughout the paper:
• Reynolds number based on the mean exit velocity of the jet and the width of the jet will be used as the dimensionless jet velocity: Re = uδ/v • Strouhal number based on the frequency of oscillation (f), the width of the jet and the mean exit velocity of the jet will be used as the dimensionless oscillation frequency: St = fδ/v • h/δ will be used as the dimensionless nozzle-to-wedge distance Because of scaling laws, two edge tone configurations with different jet velocities and geometric sizes but at the same Reynolds number and h/δ dimensionless nozzle-to-wedge distances produce oscillations with different frequencies but with the same Strouhal numbers, therefore when comparing results from different sources (theoretical and/or experimental and/or numerical) comparison of the Strouhal numbers at same Reynolds numbers and at same h/δ values will be carried out. (a) from a CFD simulation using virtual smoke with the main parameters of the edge tone configuration (δ -width of the slit on the nozzle; h -nozzleto-wedge distance; u -mean exit velocity of the jet) (b) from an experiment, using real smoke; 1.2 Literature overview Brown [5, 6] gave a detailed overview on the early research on the edge tone phenomenon from the first 80 years after it was first noted by Sondhaus in 1854. Several researchers tried to explain the mechanism of the edge tone production theoretically, others made extensive experimental investigations in the field. Without being exhaustive we shall give a short introduction to the most important studies. At first, we shall review the theories (in chronological order), then the experimental and numerical studies.
Theories
Curle [9] published his purely hydrodynamic vortex theory, explaining the edge tone in 1953. He claimed that vortices of opposite circulation are produced at the nozzle (embryo vortex) and at the tip of the wedge (secondary vortex) at the same time. The formation of the secondary vortex takes place when the transverse velocity at the tip of the wedge is maximum; that occurs halfway between the alternating vortices below and above the wedge. Thus the relationship between the nozzle-to-wedge distance and the wavelength is: h = (n + 1/4)λ, where n denotes the ordinal number of the stage and λ the distance between two consecutive vortices on the same side of the jet. Independently of this result he deduced a semi-empirical formula for the velocity with which the vortices move (u conv ) in the case when h/δ > 10:
thus the frequency of oscillation of the n th stage is:
He suggests that n has a value such that is near the wavelength for which an edgeless jet is most sensitive, and after stage jumps λ gets closer to this value. Curle also emphasises that if Savic's [24] result of is used instead of his semi-empirical formula (1), then the frequency of oscillation becomes:
where c = 1.43; 3.46; 6.00 and 8.98 for the first four stages.
In 1954 Nyborg published his dynamic theory explaining the edge tone phenomenon [19] . His theory assumes that due to a kind of sources of "hydrodynamic" origin at the wedge transverse forces act on each particle of the jet as it travels toward the wedge. He dealt with only the centreline of the jet, and supposed that the vertical acceleration acting on any particle travelling towards the wedge depends only on two factors: its instantaneous horizontal distance from the wedge and the instantaneous jet displacement at the wedge. With his theory, Nyborg was able to describe the shape of the centreline of the jet. Although he was not able to determine the frequency of oscillation, he was able to determine the ratio of the frequencies of the different stages (1 : 2.44 : 3.86 : 5.29 for the first four stages). He also indicated that as h increases, higher modes become possible. He found the lower limit of the n th stage to be h/δ > 2n but the theory is not capable to predict the position where the jet jumps from one stage to another. Since his dynamic theory only deals with the centreline of the jet it fails to predict that the frequency of oscillation depends on the width of the jet.
Powell first published his feedback loop theory in 1953 and then later, in 1961 he gave its detailed discussion [22, 23] . He suggested that an infinitesimal excitation at the nozzle exit grows along the jet via an instability displacement wave. This distortion generates an oscillating force on the wedge that creates a dipole sound source, which then closes the loop by exciting the jet at the nozzle exit. Despite the feedback loop being based on the dipole sound source, he stated that the feedback loop is purely hydrodynamic, the sound radiation itself does not play an essential role in the mechanism. From this feedback loop a phase criterion can be deduced implying the oscillation frequency of the n th stage to be:
where u conv is the convection velocity of the disturbances. He emphasises that the frequencies of the stages do not bear ratios of 5/4 : 9/4 : 13/4, because sinuosities of different wavelengths have different convection velocities. For the stage jumps Powell gave the following explanation: for any given u conv and h values a certain f frequency can be calculated for each of the stages from Equation (4). For low nozzle-to-wedge distances these frequencies will be well above the regime where the edge-less jet is sensitive to acoustic excitations even for the first stage, thus the edge tone phenomenon will not occur. As the nozzle-to-wedge distance is increased to a point the frequency of the first stage reaches the regime of sensitivity, and the first stage of the edge tone sets in. Further increasing the nozzle-to-wedge distance the oscillation frequency decreases and at a point it reaches the lower boundary of the sensitivity regime and the first stage disappears. At this point the frequency of the second stage is already in the sensitivity regime, thus by this point the edge jumps to the second stage.
A similar explanation can be given for the onset of the stages in the case of a fixed geometric configuration with varying jet velocity. Powell noted that it can happen that the new stage is superimposed on the old stage, and the two stages coexist. He also noted that it is more likely than not that the jumps between the stages will be hysteretic. He experimentally showed the dipole characteristics of the edge tone sound field, and showed that the amplitude of the acoustic pressure is proportional to the third power of the jet velocity.
Holger et al. developed a vortex street theory in 1977 [10] . Their assumptions were that the wavelength of the jet disturbance, the width of the vortex street and the propagation velocity of the vortices are constant. While Curle based his vortex theory on the formation of secondary vortices at the edge, Holger et al.'s analysis does not depend on secondary vortices, and used an entirely different formula for describing the oscillation frequency. Contrary to Powell, they assumed that the vortex street is fully formed by the time it interacts with the edge. They found the frequency of oscillation to be:
where α = 0.4; 0.35 and 0.5 for the first, the second and the third stages, respectively.
In 1980 Holger et al. [11] extended their theory and gave an approximation for the vertical force acting on the wedge. From this they were able to calculate the acoustic pressure at an arbitrary point in the far field with Lighthill's equation. They found that the integration length on the wedge should be chosen as 2λ, and in this case the calculated force is where ρ is the density of the fluid and W is the height of the flow. From this, the amplitude of the acoustic pressure at a distance r in the direction of maximum radiation is where a 0 is the speed of sound. They also noticed that the vortex pair nearest to the tip of the wedge gives the most significant part of the force, and the instantaneous force has its maximum when the distance between the tip of the wedge and the first vortex downstream of it is 0.1λ.
In 1992 Crighton [8] created a linear analytical model to predict the frequency characteristics of the edge tone oscillation. He dealt with a top hat jet impinging on a plate placed parallel to the flow in the center of the jet. He assumed inviscid flow with vortex-sheet shear layers, and solved the problem asymptotically by Wiener-Hopf methods. He found that the dimensionless oscillation frequency -S = ωb/u, where ω = 2πf is the angular frequency and b = δ/2 is the jet half-thickness -is and the h/λ ratio is (n -3/8). He found that his Strouhal number (defined as at the beginning of the Introduction) is much larger than the values reported by Holger et al. For the relative convection velocity of the disturbance he used the formula, while Holger et al. used Without essentially finding the cause of this large difference, he concludes that his formula would give a better prediction if were used but (we cite, [8] p. 386) "all such expressions would lead to the same behaviour, namely preservation of essentially the form of equation (8) but with replaced by a smaller coefficient".
In 1996 and 1998 Kwon [14, 15 ] presented a theoretical model in which the jet-edge interaction was modelled by an array of dipoles on the edge. By assuming the jet to oscillate sinusoidally and the convection velocity of the disturbances to be constant, his model can estimate the surface pressure distribution on the wedge, and from that an array of acoustic dipoles on the wedge can be deduced. Kwon found that the peak value of the spatial pressure distribution on the wedge can be found approximately a quarter wavelength downstream of the tip of the wedge. He found that the phase criterion is:
where Λ is the wavelength of the upstream propagating disturbance (the acoustic field of the dipole sources). Thus, he claims that the point of the wedge surface where the pressure has its maximum (a quarter wavelength downstream of the tip) is the position of the effective acoustical source. Kwon also found that the convection velocity of the disturbance on the jet is approximately 60% of the mean exit velocity of the jet, (5) (7) (8) (6) and thus the Strouhal number of the oscillation can be approximated as:
where Ma is the Mach number of the mean jet velocity (Ma = u/a 0 ).
Experiments
In 1937 Brown [5, 6] investigated an edge tone setup of a δ = 1 mm wide, top hat jet with a wedge with an angle of 20° experimentally. He found that the whole edge tone phenomenon occurs at frequencies for which the edgeless jet is sensitive to sound and the frequency of the stages depends on the exit velocity of the jet and the nozzle-to-wedge distance through the following formula:
where u and h are measured in cm/s and in cm, respectively, and j = 1, 2.3, 3.8, and 5.4 for the first, the second, the third and the fourth stage, respectively. Brown claimed that the deviation between his measurement and his formula for jet velocities u = 120 -2000 cm/s (that is in nondimensional values Re = 75 -1300) and frequencies f = 20 -5000 Hz was maximum 6%. He found the limits of h to be 0.31 cm and 6 cm, so that the nondimensional nozzle to wedge distance was between 3.1 and 60.
Brown found that for higher stages the first stage could also be coexisting, and in this case the frequency of the first stage is about 7% lower than the frequencies predicted by his formula. As the formula can have as much as 6% deviation from the measured values he concluded that this drop in the frequency practically can be neglected.
In the case of higher stages he measured the wavelength of the jet disturbance as the distance between two successive vortices on the same side of the stream (from the photographs he took of the visualised flow), while for Stage I he assumed that λ = h. With this and the measured oscillation frequency he calculated the convection velocity of the vortices as u conv = f ·λ that resulted in values of about 40% of the jet exit velocity (u conv /u ≈ 0.4).
Brown also investigated how sound production effects the edge tone, and concluded that in some cases acoustical excitation can control the stages of the edge tone.
In 1942 Jones [12] investigated an edge tone configuration with a 0.8 mm wide top-hat jet, at velocities up to 50 m/s, and with nozzle-to-wedge distances between 5 and 25 mm. In his experiments the wedge angle was 25°. He reported two types of edge tone. In the first type -that occurs at lower jet velocities -he found three stages, between which jumps in the oscillation frequency occur. In the second type of the edge tonethat occurs at higher jet velocities (above ≈ 37 m/s) -the jet is probably turbulent and no jumps occur if the parameters are varied but the frequency changes continuously. He found that the frequencies of the three stages of the first type edge tone oscillation and also that of the second type can be described as:
where u is measured in cm/s, h in mm. The values of j and k for the three stages of the first type and for the second type are: j = 3.9, 11.8, 24 and 6.8; k = 1, 1.14, 1.22 and 1.43, respectively.
In 1952 Nyborg et al. [20] made an extensive experimental research in mapping the stage boundaries in the h -q plane (where q is the volumetric flow rate of the air, thus in a given geometric configuration proportional to the velocity of the jet) of small edge tones (δ = 0.25 -1.02 mm) with high frequency oscillations (f up to 200 kHz). They used parabolic jets with different widths and several (in some cases asymmetric) wedges that sometimes were placed with a transversal offset from the center of the jet.
They compared their measured frequencies to a somewhat simplified form of Brown's semi-empirical formula (equation (10)), namely:
and found that, the measured values agree well with the simplified formula at f ≈ 2.5 kHz but are slightly lower than the formula below 2.5 kHz and are a bit higher than the formula above 2.5 kHz.
They found that the regions of the stages in the h -q plane can overlap, indicating that hysteresis may occur when changing the mean exit velocity of the jet or the nozzle-to-wedge distance, and the overlapping regions are independent on the wedge angle if it is less than 40°.
They also made measurements on the directivity of the sound emitted by the edge tone, and found that at f < 10 kHz a cosine law (dipole radiation pattern) fits their experimental results fairly well. Above 10 kHz they found a directivity pattern with double maxima that they were not able to explain.
Brackenridge and Nyborg [4, 3] reported experiments on top hat underwater edge tones with three different jet widths (δ = 0.51 mm, 1.02 mm and 2.04 mm) and a wedge with an angle of 28°. They found that -in the case of δ = 1.02 mm -the frequencies of the stages can be described as:
They noted that the value of 0.63 seems to be dependent on the jet width.
They found that at the formation of the second stage the first one remains, and the two stages coexist. They also found nonlinear interaction of the stages: sometimes frequencies equal to (12) the sum and the difference of the frequencies of the two stages are also present in the spectrum. They also investigated the effect when the edge has a blade attached to its tip that can vibrate at its own frequency, and they found that this vibrating blade enforces a first stage oscillation at the blade frequency even at higher jet velocities.
In 2004 Bamberger et al. [2] made an experimental and computational investigation on a parabolic edge tone configuration with an asymmetric wedge. The Reynolds number range in their investigation was approximately Re = 100 -900. In their experiments they used two different nozzles (with δ = 0.5 mm and 1 mm width) and nozzle-to-wedge distances between 2.2 mm and 8.7 mm. They concentrated on the first stage oscillation only, and found that the oscillation frequency in this stage is proportional to the maximum jet velocity and inversely proportional to the nozzle-to-wedge distance:
where -as they claim -c d depends on the width of the nozzle. From the experiments they concluded that for the δ = 0.5 mm wide nozzle c 0.5 = 0.339 ± 0.02 and for the δ = 1 mm wide nozzle c 1 = 0.344 ± 0.02, which in our opinion differs within the uncertainty of the values. However, from the CFD simulations they obtained somewhat (about 13 -15%) lower values: c 0.5 = 0.29 ± 0.04 and c 1 = 0.3 ± 0.03.
Frequency and phase characteristics of the edge tone
As has been shown, the literature is consequent in the proposition that the oscillation frequency is roughly proportional to the mean exit velocity of the jet and inversely proportional to the k th power of the nozzle-to-wedge distance:
Sometimes an additive constant in one or both of the relationships is also present such as About the value of the exponent k there has been a long debate. In the early phase of the research k = 1 was favoured (Brown and other researchers before him [5] , Curle [9] ) later it became generally accepted that k = 3/2 (Curle using Savic's results [9] , Holger et al. [10] , Crighton [8] ). In 1942 Jones [12] found a variety of exponents, all between 1 and 3/2, depending on the stage number. Recent research (Bamberger et al. [2] ) and also the results of our experimental and numerical studies indicate that k = 1 is more accurate.
In order to ensure comparability, the discussed frequency formulae were transformed to Strouhal numbers and doing so it turned out that all of them can be described in the following form: Table 1 shows the values of the coefficients for the first three stages. The experiments of Brown and Jones agree acceptably well (for h/δ = 10 above Re ≈ 150), the experiments of Brackenridge have a non-negligible but still not too high deviation from these results (above Re = 200). The formulae from the theoretical considerations tend to over-estimate the results of the measurements. It can be shown that for low Reynolds numbers and/or low nozzle-to-wedge distances the curves separate and the difference can easily be more than 100%. For higher Reynolds numbers or nozzle-to-wedge distances the differences between the formulae are somewhat smaller but still can reach 25%.
All of the above-mentioned theories can be summarised so that the disturbances on the jet born somewhere near the nozzle, they travel to the wedge, where they somehow interact with it. As a result of this interaction a "signal" is sent to the location of the birth of the disturbances.
As Powell suggests: the oscillating jet creates an oscillating force on the wedge, that creates a dipole sound source. The generated sound then excites the jet -at low Mach numbers with no time delay -and a new disturbance is born that grows as it travels downstream to the wedge.
The phase relation of this loop can be summarised in the following equation:
where λ is the wavelength of the disturbance, n is a whole number corresponding to the stage number, and ε is a small number indicating that the effective resonance length of the edge tone system somewhat differs from h.
There is no agreement in the literature about the value of ε, it may also depend on the details of the configuration and on the stage number. The most often occurring value is 0.25 (Curle [9] , Powell [23] ), Holger et al. [10] found values between 0.35 and 0.5 depending on the stage but negative values are also suggested -0.2 (Nonomura et al. [17, 18] ), -0.25 (Kwon [14, 15] ) or -3/8(Crighton [8] ). One reason for the uncertainty in the dependence of the frequency of oscillation on h is the uncertainty of ε. The exact positions where the dipole source is located (i.e. at the tip of the wedge or at a certain distance away downstream from the tip) and where the sound generated by the acoustic dipole source excites the jet (directly at the nozzle, or somewhat further downstream) are still not explored.
Also the theories presented usually assume that the wavelength and convection velocity of the disturbance do not change (14) (16) (15) (17) between the nozzle and the wedge, and thus the phase of the disturbance decreases linearly in proportion to the distance but this was found not to be true (Stegen and Karamcheti [25] , second part of this publication).
Neglecting these "minor" problems, assuming that the disturbance has to travel the nozzle-wedge distance (Stage I with ε = 0 , thus λ = h) with the mean speed of disturbance propagation that is about 40% of the mean exit velocity ofjet (second part of this publication), the period of one feedback loop is about and so the frequency of the first stage oscillation would be about which is very close to the above formula of Jones for the first stage. For the higher stages this heuristic model does not work.
The flow field of the edge tone was investigated both by numerical and experimental means. Section 2 briefly describes the Computational Fluid Dynamics (CFD) and the experimental setups, the qualitative results obtained by the two methods are discussed in Section 3 and the quantitative discussion of the results is presented in the second part of this publication. At last at the end of the second part a hypothesis that should be further investigated is presented: the Strouhal number of the edge tone is determined rather by the energy flux than by the mass flow rate of the jet.
2 The CFD and experimental setups 2.1 The CFD setup ANSYS-CFX (Releases from CFX-5.7.1 to ANSYS-CFX v14; product of ANSYS Inc. Southpointe 275 Technology Drive Canonsburg, PA 15317, f1]) was used to simulate the flow. This solver is based on a finite volume scheme, and uses an iterative method to solve the Navier-Stokes equations. In our case the iteration targets are the conservation of mass and momentum.
The flow was assumed to be two-dimensional (2D). Although the software is only capable of calculating flows in 3D domains discretised with 3D elements, it is still possible to calculate planar flows. For this, the domain of the planar flow and the Tab. 1. Parameters of the St (Re; h/δ) relationships (equation (16) mesh discretising it have to be extruded in the third direction with only one layer of elements. The height of this layer can be chosen arbitrarily. As long as the aspect ratio of the elements is moderate, the magnitude of the extrusion does not affect the result of the simulation. With symmetry boundary conditions prescribed on the bottom and top surfaces of the extruded domain, the simulation leads to a planar flow. Air at 25°C (ρ = 1.185 kg/m 3 , μ = 1.831·10 -5 kg/ms) was used as fluid. Because of the moderate Reynolds number and low Mach number regions (Re = 60 -2000, Ma = 0.003 -0.09) the flow was assumed to be laminar -thus no turbulence model was used -and incompressible. Second order accurate spatial ("High resolution" scheme) and temporal ("Second order backward Euler" scheme) discretisations were used. It has been tested to what extent the initial condition influences the result. Simulations with initially quiescent fluid and initially steady state flow have been performed. It turned out that the initial condition has no influence on the final character of the flow. No special measures had to be taken to initiate the oscillation; the oscillation set in spontaneously after a short transient period.
The numerically investigated edge tone configuration had a nozzle width of δ = 1 mm with varying nozzle-to-wedge distances and varying jet velocities. Detailed mesh and time step dependence study was carried out at a fixed configuration (Re = 200, h/δ = 10). Also a criterion for the value of the time step was determined in order to keep the numerical error at the constant value of the reference state also in the case of simulations at higher Reynolds numbers. These are all discussed in more detail in a former paper of the authors [21] .
A 3D CFD simulation was also carried out at a Reynolds number of 225 to verify the planar nature of the flow. Re = 225 was chosen as that was the highest Reynolds number where a pure first stage oscillation was found in the 2D simulations. The width of the nozzle was the same as in the 2D simulations (δ = 1 mm) and the nozzle-to-wedge distance was h = 10 mm. The nozzle and the wedge had different heights: 25 mm and 70 mm, respectively. This was done to allow the jet to spread in the z direction and to have the full effect on the wedge while minimizing the end effects. This edge tone setup was placed in a 90 mm x 151 mm x 70 mm rectangular domain. Again a block-structured hexahedral mesh was used ( Figure 9 of [27] ). In the central region (-12.5 < z < +12.5 mm, where z = 0 is the middle plane) the elements had a height of 1 mm. From the end of the nozzle in the following 7.5 mm the height of the elements grew up to 3 mm from where the elements had a height of 3 mm. The mesh in any cross section perpendicular to the z direction had the same resolution in the nozzle-wedge region as the mesh used in the 2D simulations and was coarser at the boundaries. The mesh contained about 685 000 elements. Comparison between the results of the 2D and the 3D simulations will be given later in Section 3.1.
The experimental setup
The experimental rig to produce the edge tone phenomenon is described in detail in a former paper of the authors [26] ; here only a short overview will be given.
Shop air with a pressure reduced to bar by a pressure reducing valve was led by 3/4" reinforced flexible plastic tubes to a cylindrical pressure reservoir with a volume of 57 l. A mass flow rate sensor (Sensortechnics, Honeywell AWM700, working on a heated element principle with a voltage output) was built into the line between the pressure reducing valve and the reservoir tank to determine the mean velocity of the jet. There was a long copper pipe section before the sensor to ensure undisturbed inflow. Two different nozzles were used to create a top hat or a parabolic velocity profile for the jet. They will be referenced as the "top hat nozzle" and "parabolic nozzle". The top hat nozzle was formed by two quarter-cylinders ensuring a quick contraction. In the parabolic nozzle two parallel 150 mm long plates with a 15 mm radius rounded entry ensured the development of the parabolic velocity profile. The shape of the cross section of the nozzles was rectangular with an aspect ratio over 20 which ensured good two-dimensionality in the central region. When using the top hat nozzle, visualisation was possible with an incense stick inserted just before the converging part of the nozzle. The smoke filament was illuminated with floodlight and the image was recorded with a high speed digital camera (LaVision ImagerCompact) taking images with a maximum frequency of 90 Hz and a spatial resolution of 320x240 pixels. No visualisation was made in the parabolic case. The wedge was made of well-polished solid steel with an angle of 30°. Its height (z direction) was 150 mm, i.e. this dimension was twice as long as the slit of the nozzle to avoid end effects. The distance between the nozzle and the wedge was adjustable in the range of 5 mm to 53 mm. A pressure transducer (Sensortechnics, 113LP01D-PCB) was built into the wedge to measure the surface pressure at a distance of 26.2 mm from the tip of the wedge. The amplified analogue signal of the pressure transducer was used to determine the frequency of oscillation via FFT.
Results
Verification of the planar nature of the flow
Both the 3D CFD simulation and the experiments verified that the flow is indeed two-dimensional. In the 3D CFD simulation, similarly to the 2D case, after a short transient part during which the edge tone oscillation evolves, a stable first stage oscillation evolved with a frequency of 130 ± 0.5 Hz. The role of the higher harmonics could be neglected. The frequency of oscillation was equal in the 2D and 3D simulations and the structure of the flow was very similar in the two cases.
The streamlines that exit from the nozzle (shown e.g. in Figure 14 of [27] ) were parallel between the nozzle and the wedge, and only separated after a short distance from the tip of the wedge. The z = 0 mm plane, as well as the streamlines are coloured by the velocity magnitude. Similar observations were made during the experiments. The flow was visualised with several incense sticks at different heights simultaneously. The trace lines at different heights oscillated together.
Varying the Reynolds number at a fixed geometric configuration
The dimensionless nozzle-to-wedge distance was set to around h/δ ≈ 10, while the Reynolds number of the flow was varied by varying the mass flow rate. Table 2 shows the values of h/δ and the investigated Reynolds number ranges during the CFD simulations and during the experiments in the top hat and the parabolic cases.
Top hat profile
At first measurements and CFD simulations were carried out at very low Reynolds numbers (Re < 60), where no edge tone activity was found.
At Re ≈ 60 in the simulations and also in the experiments an intermittent first stage edge tone oscillation sets in. In the case of the CFD simulations this means that the simulations produce a steady flow field but with a small disturbance (the exit velocity of the jet was increased with a transversal component of 0.5 m/s -that is approximately 50% of the jet mean velocity in the Re = 60 case -for about 100-150 steps) the oscillation could be initiated and it remained. In the case of the experiments the edge tone phenomenon was switching on and off, in some cases it could be observed. Above Re = 100 a stable first stage edge tone oscillation occurred without any external excitation both in the simulations and in the experiments.
At Re = 250 in the simulations and Re = 200 in the experiments the second stage of the edge tone appeared next to the first stage. With the advent of the second stage the frequency and thus the Strouhal number of the first stage dropped by about 14.5 ± 2% in the simulations and 14 ± 2% in the experiments compared to the value extrapolated from the pure first stage -using the formula to be introduced in the second part of the publication -to the current inlet velocity. This drop is in good agreement with the results of Jones [12] and of Stegen and Karamcheti [25] . Figure 3 shows the Reynolds number dependence of the Strouhal number of the first stage in the pure and in the multistage modes. Solid and dashed curves in the figure show the best fit with formulae to be introduced in the second part of the publication fitted on the observed Strouhal numbers of the first stage in the pure (solid) and multi-(dashed) stage modes. The thick solid line gets thin at the appearance of the second stage from where extrapolated values are used for the graph. Right of this point the drop of the Strouhal number of the first stage -the difference between the thin solid line and the dashed line of the same colour -can be nicely observed. Error bars represent the width of the spectral peak in the case of the simulations, and the uncertainty of the measurements in the case of the experiments. The difference between the red (experimental) and the yellow (CFD) curves is usually around 7.5 -8.5% and only grows over 10% at the appearance of the first stage -when the steepness of the curves are quite high, thus a small error in the Reynolds number results in a large error in the Strouhal number -or at the appearance of the second stage. The magnitude of the difference is within the range of the uncertainty of the Strouhal number determination. The first stage was always present parallel to the second stage, the question was only if the second stage is dominant or their strengths are comparable. For example Figure 4 shows two parts of the same CFD simulation (Re = 600, h/δ = 10, top hat jet profile). Above is a short part of the time history of the force acting on the wedge and below is the corresponding spectrum of a somewhat longer part of the signal. First the two stages were comparable (left side) then later the second stage became dominant (right side).
Brown [5] found the second stage to set in around Re = 220. He also mentioned to observe simultaneous existence of stages. He took photos of the oscillating flow illuminated by light through a stroboscopic disk. Therefore -except for some special cases -Brown was only able to measure the frequency of and fun-Exp-multi are the functions described by Equation (2) and Table 1 of the second part of this publication in the case of CFD simulations (yellow the dominant stage when several stages coexisted. From these special cases he concludes that the frequency of the first stage, when coexisting with other stages is about 7% lower than using the formula deduced from the frequencies of pure first stage oscillations. Brown states that his formula in some cases may have an error of 6%, thus he concludes that the frequency of the first stage remains practically unaltered, although it could mean also that the drop is even higher than 7% which would agree with the results of Jones [12] and also with our computational and experimental results. With the advent of the third stage the first two stages remained, thus three stages coexisted superposed on each other. In the CFD simulations the third stage first appeared in the Re = 900 simulation but it was not yet stable, the third stage was observable only during a short period of the whole simulation. From Re = 1400 the third stage was present in the whole simulation.
In the experiments the third stage appears surprisingly early, at around Re ≈ 250. This was only discoverable when using the pressure sensor for frequency measurement because when the third stage sets in, at first it is very weak, and from the three stages that are superposed only the dominant second one can be seen by flow visualisation. Figure 5 shows photos taken of the oscillating flow at around Re = 400 and 700 respectively, and the spectrum of the corresponding pressure signals. Three half waves can be observed in the Re = 700 case, and only two half waves in the Re = 400 case but the spectral peak for the third stage is present in both spectra. Figure 5 shows a typical nonlinear effect too: often when two or more stages coexist, peaks appear in the spectra at the difference or at the sum of the frequencies of these stages. At Re ≈ 400 in the spectrum of the output signal of the pressure transducer a peak at the difference of the frequencies of the second and the first stages (f 2 -f 1 ) can be observed. This was observed experimentally by Brackenridge and Nyborg [4] and also by Lucas and Rockwell [16] .
Parabolic profile
When changing the mean exit velocity of the jet, the parabolic profile jet-edge configuration shows a remarkably different behaviour from the top hat jet-edge configuration. At the beginning -at low Reynolds numbers -similar behaviour can be observed: after reaching a lower Reynolds number limit (Re = 50 in the CFD simulations and Re ≈ 85 in the experiments) the first stage edge tone oscillation sets in.
As the Reynolds number is increased, the second stage appears together with the first stage at Re = 150 in the simulations and Re ≈ 180 in the experiments, both of them coexisting. As in the top hat case, the frequency of the first stage drops. In this case the magnitude of the drop is about 9.7 ± 2.2% that is somewhat smaller compared to that in the top hat case. This drop is only observable from the results of the experiments as in the CFD simulations the first stage disappeared soon after the onset of the second stage, and thus there were not enough data for the frequency of the first stage from multi stage operation mode to reliably detect the frequency drop. Further increasing the Reynolds number, a qualitatively different behaviour from the top hat case can be observed: from Re = 300 in the CFD simulations and Re ≈ 360-420 in the experiments the first stage disappears and a pure second stage oscillation can be found. This is the highest stage found with the help of CFD simulations.
With increasing Reynolds number in the experiments (at Re ≈ 650) the second stage disappears and the third stage of the edge tone comes into being but at the same time the first stage reappears, both coexisting. At the highest Reynolds numbers a pure third stage oscillation was observed (from Re ≈ 900).
Similar behaviour can be observed when decreasing the Reynolds number but having stage jumps at different Reynolds numbers, and without a pure second stage oscillation. It was found that in the Reynolds number 350-600 region when increasing the Reynolds number there is a pure second stage oscillation (the first stage disappeared) but when decreasing the Reynolds number (coming from a third stage oscillation superposed on the first stage) the coexistence of the third and the first stages lasts longer, and there is no pure second stage oscillation at all. This hysteretic effect and also more about the stage jumps are discussed in detail in [26] .
Comparison: top hat vs. parabolic velocity profile
The following differences in the behaviour of the two cases have been found:
• In the parabolic case the first and the second stages appear at around the same Reynolds number as in the top hat profile case but in the CFD simulations no third stage was found at all and in the experiments it appears only at a much higher Reynolds number: the third stage comes into being at Re ≈ 600 in the parabolic case and at Re ≈ 250 in the top hat case. • In the case of the top hat profile, when the Reynolds number is increased and a new stage appears, the old, lower stage exists further and in most of the cases the two or three stages are superposed on each other. Since the stage frequencies are not harmonically related to each other, the ensuing motion is strictly speaking not periodic. There is no sign at higher Reynolds numbers that the lower stage would tend to disappear. Contrary to this, in the parabolic case the lower stages disappear when a higher stage appears thus pure second and pure third stage oscillations can also be found.
• In the parabolic case -both in the experiments and in the CFD simulations -almost everywhere strong frequency component at one-third of the fundamental and also at of its multiples can be detected. This finding agrees strikingly with the experimental findings of Lucas and Rockwell [16] and Kaykayoglu and Rockwell [13] who reported exactly the same.
• For the parabolic profile the frequency of the oscillation (and thus the Strouhal number) is about 15-20% larger relative to the top-hat profile. Ségoufin et al. [7] found experimentally that the top hat profile produces about 50% higher frequencies than the parabolic profile with the same maximum velocity. Comparing their results of top hat and parabolic edge tones at equivalent Reynolds numbers (based on the mean velocity) it turns out that in their measurements the frequency of oscillation is almost equal at lower Reynolds numbers (when the oscillation sets in) but increases faster in the parabolic case resulting in 10-20% higher frequencies -apart from the low Reynolds number case -that is consistent with our results. • In the parabolic case the rms value of the pressure fluctuations rose about 35% relative to the top-hat profile case.
• With a constant pressure and zero velocity initial condition the initial transient (the time until the steady state oscillation is reached) was about half as long for the parabolic as for the top hat case. This was only investigated with CFD.
• Some of these findings (but not all) can be tentatively explained by the fact that about 20% more momentum and about 54% more energy is injected into the system in the case of a parabolic profile for the same Reynolds number than in the top hat profile case.
Varying the nozzle-to-wedge distance
The Reynolds number was kept constant while the nozzleto-wedge distance was varied. Exact values and intervals of the parameters can be found in Table 3 . In all cases qualitatively the same behaviour could be observed. The boundaries of the stages are a bit different for different Reynolds numbers and in the parabolic case higher stages can be present alone just like it was found in the Reynolds number dependence study.
In the top hat case the following behaviour was observed ( Figure 6) • The first stage appears at around h/δ ≈ 3-4 (lower values at higher Reynolds numbers).
• At around h/δ ≈ 7-11 the second stage appears together with the first stage and at the same time a slight drop in the trend of the Strouhal number of the first stage can be observed.
• In the experiments for the higher Reynolds numbers (Re ≈ 326 and 380) as the distance is increased at h/δ ≈ 11-13 the third stage appears parallel to the first and the second stages.
• With increasing h/δ value the second stage disappears and the first and third stage coexist. Figure 6 shows the Strouhal numbers from the experiments at Re ≈ 380 and from the CFD simulations at Re = 350. The agreement is excellent, especially considering that the Strouhal number at a fixed h/δ value still grows a bit in the Re = 350-380 region. The experiments at the other two Reynolds numbers result in quite the same trend.
In the parabolic case -where only experimental investigations were carried out -several kinds of stage constellations can be observed:
• The first stage sets in at around the same h/δ value as in the top hat case (h/δ ≈ 4-5, lower values at higher Reynolds numbers).
• At around h/δ ≈ 6-10 the second stage appears next to the first stage and at the same time a slight drop of the trend of the Strouhal number of the first stage can be observed.
• Increasing the distance between the nozzle and the wedge sometimes but not always a pure second stage oscillation can be found.
• At the onset of the third stage (at around h/δ ≈ 9-17) first it coexists with the first and the second stages, then later the second stage disappears and the first and third stages remain.
• Further increasing the value of h/δ a pure third stage oscillation can be observed.
• For the highest distances and Reynolds numbers combination (at h/δ ≈ 15-17 and Re ≈ 570 and 890) the fourth stage also appeared alone or coexisting with the third stage.
